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miRNA-93 Inhibits GLUT4 and Is Overexpressed in 
Adipose Tissue of Polycystic Ovary Syndrome Patients 
and Women With Insulin Resistance 
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Approximately 70% of women with polycystic ovary syndrome 
(PCOS) have intrinsic insulin resistance (IR) above and beyond 
that associated with body mass, including dysfunctional glucose 
metabolism in adipose tissue (AT). In AT, analysis of the IRS/PI3- 
K/AKT pathway signaling components identified only GLUT4 
expression to be significantly lower in PCOS patients and in 
control subjects with IR. We examined the role of miRNAs, 
particularly in the regulation of GLUT4, the insulin-sensitive 
glucose transporter, in the AT of PCOS and matched control 
subjects. PCOS AT was determined to have a differentially 
expressed miRNA profile, including upregulated miR-93, -133, 
and -223. GLUT4 is a highly predicted target for miR-93, while 
miR-133 and miR-223 have been demonstrated to regulate GLUT4 
expression in cardiomyocytes. Expression of miR-93 revealed 
a strong correlation between the homeostasis model assessment 
of IR in vivo values and GLUT4 and miR-93 but not miR-133 and 
-223 expression in human AT. Overexpression of miR-93 resulted 
in downregulation of GLUT4 gene expression in adipocytes 
through direct targeting of the GLUT4 3'UTR, while inhibition 
of miR-93 activity led to increased GLUT4 expression. These re- 
sults point to a novel mechanism for regulating insulin-stimulated 
glucose uptake via miR-93 and demonstrate upregulated miR-93 
expression in all PCOS, and in non-PCOS women with IR, possi- 
bly accounting for the IR of the syndrome. In contrast, miR-133 
and miR-223 may have a different, although yet to be defined, role 
in the IR of PCOS. Diabetes 62:2278-2286, 2013 
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Polycystic ovary syndrome (PCOS) is one of the 
most common endocrine disorders and affects 
>7-9% of reproductive-aged women (1). Sixty to 
seventy percent of PCOS patients demonstrate 
insulin resistance (IR) above and beyond that predicted by 
body mass, race, or age (2), resulting in compensatory 
hyperinsulinemia (3) and an increased risk for type 2 di- 
abetes mellitus (T2DM) and cardiovascular disease (4,5). 

The underlying cellular mechanisms leading to IR in 
PCOS remain unclear. Subcutaneous adipocyte functions, 
including the stimulation of glucose transport (4,6), GLUT4 
production (7), and lipolysis (8,9), appear to be defective 
in the disorder (10-12). However, no defects in insulin 
signaling have been found; including insulin binding, in- 
sulin receptor expression, and the insulin receptor sub- 
strate (IRS)-l/phosphatidylinositol 3-kinase (PI3K)/AKT 
pathway (13). 

Epigenetic regulation may influence PCOS-related IR. 
Although we have previously reported no significant dif- 
ference in whole DNA methylation in PCOS versus control 
subjects (14), the role of microRNA (miRNA) regulation in 
PCOS is unknown. miRNAs are short (20-24 nucleotides) 
noncoding RNAs involved in posttranscriptional regulation 
of gene expression. miRNAs are known to influence many 
cellular functions including glucose and lipid metabolism 
(15-19). Insulin-resistant adipocytes are also known to 
contain a differentially expressed miRNA profile (20). 

GLUT4 is the major protein responsible for insulin- 
mediated glucose translocation into adipocytes (21) and plays 
an important role in glucose homeostasis, as a 50% de- 
crease in GLUT4 leads to a 50% decrease in GLUT4 
translocation in adipocytes (22). Moreover, adipose tissue 
(AT)-specific GLUT4 regulates glucose tolerance, insulin 
sensitivity, and glucose metabolism (23,24). In addition, 
miRNAs have been demonstrated to alter insulin-mediated 
glucose uptake by regulating GLUT4 expression in car- 
diomyocytes. miR-133 was determined to regulate the ex- 
pression of GLUT4 by targeting KLF15 in cardiomyocytes 

(25) , and miR-223 overexpression in cardiomyocytes in- 
creases GLUT4 expression and improves glucose uptake 

(26) . 

GLUT4 protein expression is decreased in adipocytes of 
patients with PCOS (7) and type 2 diabetes (27-29). Thus, 
the loss of GLUT4 in the adipocytes may be a significant 
contributor to the IR in PCOS patients. In the current 
study, we tested the hypothesis that GLUT4 dysregulation 
plays a central role in IR in PCOS and that miRNAs related 
to the regulation of GLUT4 are abnormally expressed 
in the AT of women with PCOS, potentially denoting 
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a primary defect in AT function in this disorder. Our 
findings demonstrate that PCOS women have significantly 
lower GLUT4 expression in AT and abnormal AT expression 
of miRNAs involved in glucose metabolism, reproduction 
and infertility, and lipid metabolism. Additionally, miR-93 
was upregulated in the AT of PCOS patients, and miR-93 
overexpression decreased GLUT4 expression, thereby con- 
tributing to IR. Interestingly, miR-93 is overexpressed in 
PCOS patients with and without IR and in control patients 
with IR, suggesting that this mechanism is operant in IR in 
general and in PCOS. These findings improve our un- 
derstanding of the mechanisms underlying IR in other met- 
abolic disorders. 

RESEARCH DESIGN AND METHODS 

Forty-one subjects (20 control and 21 PCOS) were recruited for this study 
(Table 1). All subjects underwent a brief physical examination, including as- 
sessment for hirsutism using the modified Ferriman-Gallwey (mFG) hirsutism 
scoring system (30). No subjects had used hormonal preparations, including 
oral contraceptives, for >3 months preceding the study, and none were 
pregnant. All subjects had normal thyroid-stimulating hormone and prolactin 
levels. 

The diagnosis of PCOS was made according to the National Institutes of 
Health 1990 criteria (31): 1) clinical evidence of hyperandrogenism (mFG score 
>6) or hyperandrogenemia, 2) oligo-ovulation, and 3~) the exclusion of related 
disorders. The criteria for defining hirsutism, hyperandrogenemia, ovulatory 
dysfunction, and exclusion of related disorders have previously been reported 
(31). Control subjects were healthy (mFG <3) women without hirsutism and on 
no medications, who had predictable regular menstrual cycles. 

Fasting blood sampling was performed in cycle days 3 and 8 (follicular 
phase) after a spontaneous menstrual cycle or a progesterone-induced with- 
drawal bleed. IR was estimated using homeostasis model assessment of IR 
(HOMA-IR) (32). All subjects gave informed written consent, according to the 
guidelines of the institutional review board. 

Adipocyte culture, real-time PCR, Western blot, and immunofluores- 
cence. Approximately 5 g tissue was excised from subcutaneous AT through 
a small incision in the lower abdomen (http://www.youtube.com/fatbx [33]). 
Specimens were processed and cultured as previously described (34). 

Independent validation of miRNA by quantitative PCR (details in Supple- 
mentary Data) was performed on separate samples from nonobese PCOS 
subjects (n = 7) and BMI-matched control subjects (n = 8). Primers for human 
ACTB (internal control) and GLUT4 were purchased from SABioscience 
(Frederick, MD). Primers for mature miRNAs and mouse Actb and Glut4 were 
purchased from OriGene (Rockville, MD). miR-103 was used as an internal 
control (35). Relative fold change of mRNA and miRNA expression of targeted 
genes and miRNA were calculated by using the AAC t method. 

For Western blot analysis, 30 jxg protein from adipocyte lysates was used. 
Blots were probed with specific primary antibodies and appropriate secondary 
antibodies (Jackson ImmunoResearch Laboratory, West Grove, PA). p-Actin 
was used as a loading control. GLUT4 antibody was purchased from Abeam, 
Cambridge, MA. 



Immunofluorescence was performed as previously described (34). The 
samples were incubated with GLUT4 antibodies (Cell Signaling Tech, Danvers, 
MA). The secondary antibody was Alexa Fluor 568 (Invitrogen, Carlsbad, CA). 
Image analysis was performed using Image J software (36). 
miRNA microarray and in silico studies: computational targeted gene 
predictions of PCOS-related miRNA and miR-93. AT was collected from 
nonobese PCOS and matched control subjects (n = 3 for each group). Total 
RNA was extracted with the miRACLE Isolation kit (Jinfiniti Biosciences, 
Augusta, GA), and arrays were performed and analyzed by the Integrated 
Genomics Core of the Georgia Regents University Cancer Center. miRNA 
microarrays were performed using the GeneChip miRNA 2.0 Array (Affyrne- 
trix, Santa Clara, CA). Analysis was performed with Ingenuity Pathway 
Analysis software. Differentially expressed miRNA were defined as having a 
P < 0.05. 

Sequences for miRNA were obtained from the miRNA database, miRBase 
(Faculty of Life Sciences, University of Manchester). Additional miRNA data- 
bases with target gene prediction (miRanda, miRTar, RcTar, and TargetScan) 
were used to find potential targets sites for miR-93 (37-40). RNAhybrid software 
(41) was used to predict the resulting secondary structure formed by interacting 
mRNA and miRNA. 

Overexpression and inhibition of miR-93. miR-93 overexpression (human 
cat. no. SC400685 and mouse SC401248), human miR-155 overexpression 
(SC400793), and empty (PCMVMIR) vectors were purchased from OriGene 
(Rockville, MD). All vectors contain green fluorescent protein as a reporter for 
transfection monitoring. An miR-93 inhibitor, antisense miR-93 (mirVana 
miRNA inhibitor, has-miR-93, cat. no. 4464084), and a scrambled control 
(mirVana miRNA inhibitor, negative control no. 1, cat. no. 4464076) were 
purchase from Ambion (Grand Island, NY). MegaTran 1.0 (cat. no. T200002; 
OriGene, Rockville, MD) reagent and Lipofectamine RNAiMAX reagent (cat. no. 
13778-100; Life Technologies, Carlsbad, CA) were used for vectors and 
inhibitors in vitro transfections (details in Supplementary Data). Most assays 
were done at 48 h posttransfection. The transfection efficiency of vectors in 
adipocytes was >70% (74% in human differentiated adipocytes and 75% in 3T3- 
Ll adipocytes (Supplementary Fig. 1) 

Lucif erase reporter assay. GLUT4 3 'untranslated region (UTR) lucif erase 
plasmid was purchased from OriGene (Rockville, MD). The 3'UTR luciferase 
plasmid (0.5 fig) with either miR-93 overexpression or empty plasmid (1.5 (xg) 
was transfected in each well of a sixwell plate. Forty-eight hours after trans- 
fection, luciferase activity was assayed by a luciferase assay system (Promega, 
Madison, WI) measured on a fluorescence microplate reader (POLARstar 
Omega; BMG Labtech, Ortenberg, Germany). 

Statistical analysis. Significant differences were inferred when P < 0.05. 
Comparisons of multiple groups were carried out by ANOVA followed by 
a Duncan multiple range test. The comparison of two groups with a normal 
distribution was accomplished using an unpaired Student t test. All values 
were presented as SEM. Due to limitations in the amount of AT isolated, not all 
subjects contributed to each of the experiments performed. 



RESULTS 

GLUT4 expression is downregulated in adipocytes 
from women with PCOS. To explore the mechanisms 
underlying the IR of PCOS patients, we examined the 



TABLE 1 

Clinical characteristics of PCOS and control subjects 





Control 


Control with IR 


PCOS 


PCOS with IR 


n 


11 


9 


11 


10 












Age (years) 


32.41 ± 6.61 


33.66 ± 6.66 


27.46 ± 4.07* 


27 ± 5.66 


mFG score 


0.82 ± 1.25 


1.6 ± 1.95 


10.38 ± 5.64** 




Free testosterone (pg/mL) 


2.36 ± 1.22 


2.95 ± 0.37 


4.71 ± 2.18** 


5.36 ± 2.15** 


Total testosterone (ng/mL) 


30.71 ± 9.05 


26.75 ± 0.96 


40.92 ± 19.15 


33.00 ± 5.60 


Fasting glucose (|jig/dL) 


77.29 ± 15.62 


82.13 ± 4.13 


84.68 ± 8.45 


95.38 ± 16.50 


Fasting insulin (mlU/mL) 


5.14 ± 2.67 


14.50 ± 4.90** 


6.41 ± 2.40 


19.36 ± 7.34**tt 


HOMA-IR 


0.99 ± 0.55 


2.94 ± 0.99** 


1.33 ± 0.50 


4.53 ± 1.70**tt 


Prolactin (ng/mL) 


11.91 ± 4.17 


11.14 ± 4.69 


13.16 ± 9.77 


11.59 ± 6.16 


TSH (IU/mL) 


2.18 ± 0.88 


1.13 ± 0.40 


1.48 ± 0.52 


1.98 ± 0.85 


17-HP (ng/dL) 


26.00 ± 10.95 


28.50 ± 13.42 


36.56 ± 22.66 


36.27 ± 16.23 



Data are means ± SD. 17-HP, 17a-hydroxyprogesterone; TSH, thyroid stimulating hormone. **P < 0.01 vs. control group, f fP < 0.01 vs. PCOS 
group. *P < 0.05 vs. control group. 
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classical insulin-signaling pathway in PCOS-derived adi- 
pocytes for potential signaling defects in a subpopulation 
of eight PCOS and eight matched control subjects (age 
25.78 ± 3.59 vs. 33.63 ± 4.07 years; BMI 30.86 ± 5.44 vs. 
27.40 ± 8.55 kg/m 2 , respectively). The PI3K pathway is 
a critical pathway involved in glucose transport and gly- 
cogen synthesis. Systematically comparing basal protein 
expression and stimulated phosphorylation of critical 
components of the IRS-1/PI3K/AKT pathway revealed no 
significant abnormality in PCOS adipocytes (Supplemen- 
tary Fig. 2). These findings correlate with previous studies 
in both adipocytes and myocytes (6,8,13). All subsequent 
studies were done with the entire population of subjects 
stratified by degree of IR (Table 1). 

In primary cell cultures, GLUT4 gene and protein ex- 
pression (Fig. 1A and E) is significantly reduced in adi- 
pocytes from PCOS patients versus control subjects (P < 
0.01). When stratified according to presence or absence of 
IR (Table 1), as determined by HOMA-IR (IR >2.5) and 
correlating closely with BMI, our data demonstrate re- 
duced GLUT4 gene expression in primary adipocyte cul- 
tures in all PCOS patients and in those control/IR subjects 
(Fig. 1(7). GLUT4 gene expression was lower in PCOS/IR 



than in PCOS without IR; this latter group had similar 
GLUT4 gene expression levels similar to those of control/ 
IR subjects. Interestingly, control/IR and PCOS women 
without IR expressed similar, albeit reduced, levels of 
GLUT4. These data support the concept of inherent dys- 
regulation of glucose metabolism in control/IR and in all 
PCOS women, which is worse in those patients with overt 
IR. 

In contrast to primary adipocyte cultures, AT is a com- 
plex and heterogeneous tissue, consisting of not only 
adipocytes but also resident macrophages, preadipocytes, 
fibroblasts, adipose stem/progenitor cells, and endothelial 
cells (34). To determine whether expression is altered by 
this complex environment, we examined GLUT4 expres- 
sion in whole AT. Overall, GLUT4 gene expression in AT 
correlated closely to that observed in primary adipocyte 
cultures (Fig. ID). However, compared with adipocytes, 
AT demonstrated a greater reduction in GLUT4 gene ex- 
pression in PCOS/IR versus control/IR subjects. Further 
analysis by HOMA-IR indicated a strong association be- 
tween GLUT4 expression in whole AT and the degree of 
IR. In our subject population (n = 25), we found a signifi- 
cant association between higher HOMA-IR values and 
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FIG. 1. GLUT4 expression in adipocytes of PCOS patients. A: GLUT4 mRNA expression was significantly reduced in primary subcutaneous (sc) 
adipocyte culture derived from PCOS patients (ji = 21) compared with matched control (CRL) subjects (ji = 20). B: GLUT4 protein was also re- 
duced in PCOS. C: Taking IR into account, significant differences are observed in GLUT4 expression between IR and non-IR groups in primary 
adipocyte culture. D: In whole AT, GLUT4 is significantly lower in PCOS and further reduced if the patient demonstrated IR. E: In ATs from all 
patients studied, GLUT4 gene expression was negatively correlated to HOMA-IR (r = -0.57, n = 25, P < 0.002). All data are shown as means ± SEM 
(error bars). *P < 0.05; **P < 0.01. 
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lower GLUT4 expression (P < 0.002), further under- 
scoring the importance of AT GLUT4 expression in the 
development of IR (Fig. IE). 

Identification of miR-93 as a signature miRNA of 
PCOS. For identification of differentially expressed miRNA, 
AT samples from 41 subjects, including 21 PCOS patients 
with and without IR and 20 BMI-matched control subjects, 
were studied. We first performed miRNA microarray anal- 
ysis using AT from nonobese PCOS subjects (n = 3) and 
BMI/age-matched control subjects (n = 3) and then studied 
an additional independent sample of seven PCOS and eight 
matched control subjects to confirm the expression of spe- 
cific miRNA genes by RT-qPCR. 

Comparative miRNA array analysis determined 97 
miRNA to be differentiaUy expressed (P < 0.05) in PCOS, 
with changes of >1.5 fold (Supplementary Table 1). While 
only 10 miRNAs with twofold or greater change were spe- 
cifically designated as human (Supplementary Table 2), 
many miRNA are highly conserved between species and 
often share identical mature strands (42). In line with 
known PCOS dysfunction, the top gene ontology networks 
associated with altered miRNA expression in PCOS in- 
cluded reproductive system dysfunction (n = 11) and ge- 
netic disorders (n = 14) (Supplementary Fig. 3B). Ingenuity 
Pathway Analysis software scored known miRNA associa- 
tions; predicted target genes for these miRNA included 
insulin-signaling pathway molecules c-FOS, p38 mitogen- 
activated protein kinase, 17 (3-estradiol, PI3K, (3-catenin, and 
tumor necrosis factor-a (Supplementary Fig. 3C and D). 

We confirmed differential expression by RT-qPCR 
(Supplementary Fig. 4) and developed a list of candidate 
genes for additional study (Supplementary Table 3). A 
particularly interesting candidate was miR-93, which was 
upregulated by -twofold in PCOS AT (Supplementary Fig. 
4). In silico analysis (algorithms miRanda, PicTar, and 
TargetScan [37-39]) was used to predict gene targets of 
miRNA observed to be differentially expressed in PCOS. A 
list of potential gene targets of miR-93 was generated 
(Supplementary Table 4), and all three algorithms pre- 
dicted miR-93 to target GLUT4 (Fig. 2A). 

GLUT4 expression was reduced in PCOS. We explored 
the predicted binding of miR-93 to the GLUT4 3'UTR. Both 
miR-93 and GLUT4 transcripts are highly conserved 
among mammals, and homology predicts that potential 
binding would be observed in primates and rodents, 
allowing for studies in mouse 3T3-L1 adipocytes (Fig. 2B). 
miR-93 alignment with GLUT4 indicated that the mature 
miRNA strands seeding region, a key predictor of direct 
binding to the target gene, had a site of perfect alignment 
between nucleotides 1-9 (Fig. 2(7). RNA hybrid analysis of 
GLUT4 3'UTR offered further support for direct binding of 
both miR-93 and miR-93* (the pre-miRNA strand read from 
the 3' direction) to the site; each predicted binding had 
highly favorable predicted minimum free energy scores of 
AG (Gibbs free energy) = -28.6 and -32.8 kcal/mol, re- 
spectively (Fig. 2D and E), consistent with known miRNA 
targeting (43). Therefore, we hypothesized that GLUT4 
may serve as a target of miR-93. 

miR-93 is overexpressed in PCOS and associated with 
decreased GLUT4 and increased IR. In AT, miR-93 is 
significantly upregulated in all PCOS patients with or 
without IR. Additionally, expression was also increased 
in control patients with IR (Fig. 3A), similar to our find- 
ings regarding the suppression of GLUT4 expression in 
both primary adipocyte cultures and whole AT (Fig. 1C 
and D). 



To support the notion that miR-93 expression could in- 
fluence GLUT4 expression, AT samples from patients and 
control subjects were then studied to determine whether 
there was a correlation between increased miR-93 and 
reduced GLUT4 expression. Our finding in the population 
studied (n = 25) revealed that GLUT4 gene expression 
negatively correlated with miR-93 expression (P < 0.005) 
(Fig. 3B). Finally, we sought to investigate the possible 
association between miR-93 expression and IR in vivo. 
Analyzing the entire subject sample, we observed positive 
correlation between miR-93 expression and HOMA-IR 
(P < 0.0002) (Fig. 3(7). 

Interestingly two miRNAs, miR-133 and -223, which are 
already known to regulate GLUT4 expression in car- 
diomyocytes (25,26), were also overexpressed in PCOS 
ATs (Supplementary Tables 1 and 3). We further examined 
expression of these two miRNAs in our four subgroups; 
our results indicated that miR-223 and miR-133 were 
overexpressed only in PCOS/IR women (Supplementary 
Fig. 5), although neither miRNA demonstrated an associ- 
ation with GLUT4 expression or HOMA-IR values. 
Induced overexpression of miR-93 directly inhibits 
GLUT4 expression, while inhibition of miR-93 increases 
GLUT4. Differentiated human adipocytes were trans- 
fected with an miR-93 overexpression vector containing 
a green fluorescent protein reporter to produce a fold 
change that would be comparable with the observed in- 
crease of miR-93 in PCOS adipocytes (Supplementary 
Fig. 6A-C). 

To determine whether miR-93 overexpression reduces 
GLUT4 protein production, Western blots were performed 
on cultured human adipocytes transfected with the miR-93 
overexpression vector, as assessed by three independent 
experiments, and results indicated that miR-93 decreased 
GLUT4 expression significantly (Fig. 4A and B), whereas 
transfection of cells with miR-155, a control miRNA that 
was not predicted to target GLUT4, did not alter the ex- 
pression of GLUT4 (Supplementary Fig. 7). Fig. 4C in- 
dicated that miR-93 vector transfection increased miR-93 
expression by approximately twofold, which is comparable 
with the miR-93 levels observed in PCOS adipocytes. Ad- 
ditionally, immunofluorescence demonstrated an approxi- 
mately threefold reduction in GLUT4 fluorescence intensity 
in adipocytes with induced miR-93 overexpression (Fig. 4D 
and E). In addition, miR-93 overexpression did not alter 
gene expression of miR-133 or miR-223 in human differen- 
tiated adipocytes (Supplementary Fig. 8). 

miR-93 has also been reported to affect the phosphatase 
and tensin homolog (PTEN)/Akt pathway in ovarian can- 
cer cells (44). Since miR-93 suppressed PTEN expression- 
induced phosphorylation of AKT, we also determined 
PTEN expression and AKT phosphorylation in our over- 
expression system (Supplementary Fig. 9). Our results in- 
dicated that overexpression of miR-93 did not alter PTEN 
expression or AKT phosphorylation in adipocytes. 

In order to facilitate future molecular studies, we sought 
to determine whether murine Mus musculus (mmu)-miR- 
93 overexpression would show similar regulation in 
mouse-derived 3T3-L1 cells. Homology indicates that the 
predicted GLUT4 3'UTR binding site of miR-93 is highly 
conserved across mammalian species and is identical be- 
tween humans and mice (Fig. 21?). Additionally, both hu- 
man and mouse share identical sequence in miR-93 mature 
strands. As observed in human samples, transfection of 
the mmu-miR-93 in 3T3-L1 cells significantly increased 
expression, with transfection adjusted to produce an 
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FIG. 2. In silico analysis predicts that miR-93 targets the GLUT4 gene. A: Venn diagram of miR-93 targets determined by 3'UTR target prediction 
software. Only 168 genes were predicted to be targets of miR-93 by all three programs, including GLUT4 (SLC2A4). B: Homology of both miR-93 
and the GLZJT4 3'UTR seeding region, highlighted in green, is highly conserved in mammals. C: miR-93 alignment with GLUT4 indicated that the 
mature miRNA strands seeding region (green), a key predictor of direct binding to the target gene, is perfect alignment between nucleotides 1-9. 
RNAhybrid analysis of GLUT 4 3'UTR correlation offered further support to indicate direct binding. miR-93 (Z>) and miR-93* (i?) both have highly 
favorable minimum free energy (mfe) scores of AG = —28.6 kcal/mol and AG = —32.8 kcal/mol, respectively. 



approximately twofold expression increase in miR-93 
(which was the approximate fold change observed in 
PCOS women). Overexpression of miR-93 in 3T3-L1 adi- 
pocytes reduced Glut4 gene expression (Fig. 5A and E). 
Immunofluorescence confirmed that induction of miR-93 
clearly diminished the expression of Glut4 protein content 
(Fig. 5C and D), demonstrating that miR-93 also regulates 
Glut4 in mouse 3T3-L1 adipocytes. 

To address whether direct binding of miR-93 to the Glut4 
3'UTR is responsible for the observed suppression of Glut4, 
we performed a luciferase assay in which direct binding of 
miR-93 to the vector Glut4 3'UTR gene transcript would 
repress a luciferase reporter. Transient cotransfection of 
miR-93 and luciferase expression plasmids in 3T3-L1 adi- 
pocytes demonstrated direct binding of miR-93 to the Glut4 
3'UTR, resulting in a significant reduction in luciferase (Fig. 
5E). Finally, inhibition of miR-93 using an antisense miR-93 
resulted in significant upregulation in Glut4 gene expres- 
sion in 3T3-L1 adipocytes (Fig. 5E and F). 

Taken together, these results indicate that when induced 
to expression ratios similar to those observed in PCOS, 
miR-93 in human- or mouse-derived 3T3-L1 adipocytes 
downregulates Glut4 expression to levels similar to those 
observed in the disorder through binding to the Glutk 3'UTR. 

DISCUSSION 

Our findings in this study demonstrate that miR-93, -133, 
and -223 are differentially expressed in PCOS, a condition 



often characterized by inherent IR that features decreased 
insulin-responsive GLUT4. We also demonstrate that miR- 
93 is overexpressed in PCOS patients and in control/IR 
subjects and that this overexpression is associated with 
decreased GLUT4 expression and increased HOMA-IR. 
GLUT4 is predicted to be a target of miR-93. We also 
demonstrated that the miR-93 transcript binds directly to 
the GLUT4 3'UTR to repress translation as well as cleave 
the mRNA, resulting in decreased GLUT4 protein and 
mRNA expression. Together, these data support miR-93, 
and possibly miR-133 and -223, as novel regulators of 
GLUT4 and contributors to IR in human, particularly 
PCOS, AT. 

We first aimed to determine whether the inherent IR in 
PCOS adipocytes was due to dysfunction in the classical 
insulin-signaling IRS-1/PI3K/AKT pathways (Supplemen- 
tary Fig. 2). However, in human subcutaneous AT excised 
from the lower abdomen, analysis of the IRS/PI3K/AKT 
pathway signaling components identified only GLUT4 ex- 
pression to be significantly lower in PCOS patients and 
control/IR, consistent with the findings of other investigators 
in both skeletal muscle and AT (9,13,45,46). Decreased 
expression of GLUT4, the primary insulin-responsive 
glucose transporter, is associated with systemic IR in PCOS 
and other metabolic disorders (47), where decreased 
GLUT4 content results in decreased glucose translocation 
(22), reduced glucose tolerance, and lowered insulin 
sensitivity (23), while overexpression improves glucose 
metabolism (24). 
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FIG. 3. miR-93 is overexpressed in women with PCOS and associated with reduced GLUT4 and increased HOMA-IR. A: Observing miR-93 in the 
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GLUT4 content was greatly reduced in adipocytes 
from PCOS patients in accordance with the findings of 
Rosenbaum, Haber, and Dunaif (7). In contrast, Ciaraldi 
et al. (13) reported no difference in GLUT4 content between 
PCOS women and control subjects. However, of note, 
Ciaraldi and colleagues compared PCOS/IR patients with 
control/IR subjects, as both groups had a calculated average 
HOMA-IR of 3.22. The difference between the two studies is 
reconciled and illustrated clearly in Fig. ID, where no sig- 
nificant difference was observed between control/IR 
women and PCOS. Taking the data together, these results 
suggest that the regulation of GLUT4 expression is a key 
molecular end point for IR in the AT of PCOS women. 

Many biological mechanisms are regulated by miRNA 
(48,49), but no studies to date have investigated roles of 
miRNA in PCOS. Examining AT from PCOS patients with 
a lean phenotype allows for pathways (i.e., insulin signal- 
ing) to be studied without being masked by conditions 
associated with PCOS and concurrent obesity, such as the 
heightened IR found in PCOS women with high BMI. Many 
miRNAs were found to be differentially expressed in AT of 
lean PCOS women and many associated with pathways 
involving reproductive system dysfunction, insulin signal- 
ing, and lipid metabolism (Supplementary Fig. 3B-D). 
Similarly, miRNA profiles have been found to be differen- 
tially expressed in the AT of patients with T2DM and 
obesity (50,51), and miRNA, including miR-123, -143, and 
-144, appear to influence IR (52-54). 

Confirmation with miRNA arrays and in silico analysis 
allowed for the generation of candidate miRNAs (Supple- 
mentary Table 3), including miR-93, -223, -21, -133, and 
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-199. In particular, miR-93 was of interest because it was 
overexpressed in the AT of PCOS women and was pre- 
dicted to target the GLUT4 3'UTR (Fig. 2A). Homology of 
both the miR-93 and the GLUT4 3'UTR seeding regions is 
highly conserved in mammals, and miR-93 and the GLUT4 
3'UTR had a site of perfect alignment between nucleotides 
1-9 (Fig. 2B and (7). Perfect binding at the seeding region 
can result in the entire target mRNA being cleaved (55), 
resulting in a reduction of both protein translation and 
mRNA expression, which supports our observations (Fig. 
IA and E). 

Interestingly, tissue analysis demonstrates that while 
miR-93 is ubiquitously expressed in tissues, its expression 
is uniquely lowest in all insulin-responsive GLUT4- 
expressing tissues, including fat, muscle, and heart (56). 
Although each miRNA potentially regulates numerous 
proteins, this pattern of tissue expression implicates miR- 
93 as most tightly regulated in GLUT4-containing tissues, 
perhaps indicating that insulin-mediated glucose regula- 
tion is a central role for miR-93. 

The expression of miR-93 was significantly increased in 
the subcutaneous lower abdominal AT of all PCOS women 
and control/IR subjects (Fig. 3A). Much like the relation- 
ship with intrinsic IR and reduced GLUT4, it appears that 
PCOS patients display an intrinsic overexpression of miR- 
93, regardless of BMI. A significant negative correlation 
was observed between GLUT4 expression and miR-93. 
Additionally, when all patients were included, a positive 
correlation between miR-93 and HOMA-IR was observed. 
Our results suggest that while miR-93 modulates insulin 
sensitivity via GLUT4 in all PCOS and control/IR subjects, 
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there are potentially additional and unknown factors that 
further lower GLUT4 expression in PCOS/IR patients. 

The precise regulation of miRNA expression is largely 
unknown; however, approximately one-half of conserved 
miRNA genetic information can be found within a host 
gene (57). The miR-106b/93/25 family is found within the 
intronic region of the MCM7 gene (58). Previous studies 
have all reported that miR-93 expression correlates to that 
of its host gene, MCM7 (59,60). Differences in the intensity 
of expression from that of family members miR-106b and 
miR-25, as well as the presence of an intronic region 
containing CpG islands, have lead to speculation that miR- 
93 may have its own promoter (60). Further studies will 
be necessary to determine whether miR-93 expression 
in adipocytes is regulated by MCM7 or if it has its own 
promoter. 

In testing the hypothesis that miR-93 plays a direct role 
in regulating GLUT4 expression, we observed that human 
adipocytes transfected to overexpress miR-93 had reduced 
GLUT4 gene expression. Induction of miR-93 reduced 
GLUT4 protein and mRNA expression in human adipo- 
cytes, as well as in murine 3T3-L1 cells. This dual approach 
provided consistency to our results. The mature miR-93 
and its predicted GLUT4 3'UTR binding site are highly 
conserved between mammalian species, as both human 
and mouse share identical sequences (Fig. 2E). In 3T3-L1 
cells, direct binding of miR-93 to the GlutA 3'UTR was 
demonstrated by a luciferase assay. Consistent with the 
conclusion that miR-93 regulates Glut4, the use of a miR- 
93 inhibitor significantly increased Glut4 expression. 



In addition to miR-93, previous studies demonstrated 
that miR-133 and miR-223 also regulate GLUT4 expression, 
at least in cardiomyocytes (25,26). Our results indicated 
that miR-223 and miR-133 were also overexpressed in 
PCOS/IR (Supplementary Fig. 5), but not in control/IR, 
subjects. The negative relationship between GLUT4 and 
miR-93 expression (Figs. 1 and 3) in AT from control/IR 
and in both PCOS with and without overt IR groups sug- 
gests that miR-93 may be involved in dysregulation of 
GLUT4 in these women. In contrast, miR-133 and miR-223 
were not associated with GLUT4 expression. Our data also 
suggest that miR-93 may regulate GLUT4 in all PCOS 
subjects, and in control/IR subjects, whereas miR-133 and 
miR-223 may have a different and possibly additive, but as 
yet undefined, role in the IR of PCOS . 

In summary, our study sought to determine the answer to 
a fundamental question of PCOS: why do 60-70% of afflicted 
women have intrinsic IR above and beyond that associated 
with BMI? We observed that the IR of both PCOS patients 
and control women is significantly correlated to decreased 
GLUT4 expression in adipocytes and demonstrated that 
miR-93 is capable of repressing GLUT4 expression. We also 
determined miR-93 to be overexpressed in PCOS AT and 
found that induced overexpression of miR-93 reduces 
GLUT4 expression. Finally, we observed that miR-93 is 
upregulated not just in PCOS but also in control subjects 
with IR, further suggesting that miR-93 may play a signifi- 
cant role in other IR-associated conditions such as T2DM 
and obesity. Finally, these findings may also have significant 
implications for the study of other metabolic disorders. 
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